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a  b  s  t  r  a  c  t
A  direct  comparison  between  the  oxidation  behavior  of  Ti-6Al-4V  and  Ti-6Al-4V  + 1B  has  been  conducted
to  elucidate  whether  the  addition  of  boron  to Ti-6Al-4V  impacts  the oxidation  behavior.  Industrially
prepared  sheet  of Ti-6Al-4V  and  Ti-6Al-4V  +  1B were  oxidized  at temperatures  between  650 and  950 ◦C
for holding  times  of  25 and  50 h. Weight-gain  measurements  and  characterization  of  surface  and  near-
surface  microstructures  showed  that  the  addition  of 1  wt%  B  increased  the  material’s  oxidation  resistance.
Additionally,  the  ingress  of  oxygen  tends  to decrease  the solubility  of other  alloying  species  in  -Ti andeywords:
. Alloy
. Titanium
. TEM
. SEM
leads  to the  formation  of a distinctive  and  atypical  microstructure  with  a distinct  morphology.
©  2016  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Oxidation
ecomposition
. Introduction
Titanium and its alloys are known for being resistant to corro-
ion at relatively low temperatures due to the presence of a thin
ative oxide layer at the surface [1]. However, the performance
f titanium alloys at high temperatures has always been limited
wing to the gradual oxidation and subsequent degradation of the
aterial. Applications of titanium alloys are often limited to tem-
eratures below 550 ◦C, e.g., 400 ◦C for Ti-6Al-4V1 [2], due to the
rowth of an oxide layer at temperatures above this mark and the
oncurrent transition of the oxide to a more active, non-protective
tate [3]. Ti-6Al-4V accounts for nearly 60% of titanium produced
4] and is used in a wide range of applications, from airframes to
iomedical implants [2].
The oxidation of titanium and its alloys has been previouslytudied by several authors [5–9], including recent combinatorial
tudies of oxide formation and stability [10–13], and a general
nderstanding of the oxidation process is present in the Refs.
∗ Corresponding author.
E-mail address: dabrice@iastate.edu (D.A. Brice).
1 All concentrations presented in this paper will be in weight%, consistent with
ow  concentration Ti-based alloys
ttp://dx.doi.org/10.1016/j.corsci.2016.07.032
010-938X/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article 
/).[10,13–15]. During high temperature exposure, oxygen, a strong
-stabilizing element, promotes the formation of a layer of oxygen-
enriched -phase near the surface, called the -case. Following the
formation of the -case, the native oxide layer coarsens and evolves
and can exhibit a non-uniform oxygen concentration throughout
the oxide [16]. The consequences of the oxidation are: scale growth,
the formation of cracks due to the evolution of compressive stress
and ultimately material failure. Therefore, the formation of thick
oxide scales is an important limiting factor for the service temper-
ature of most commercially available titanium alloys.
Recently, attempts to improve the mechanical properties of Ti-
6Al-4V have concluded that additions of boron (B) can improve
certain mechanical properties, including creep and elastic strength
[17–21]. Additionally, it is seen that the addition B affects the
microstructure by promoting an -phase morphology that is
equiaxed, a morphology that is typically only obtained through
thermomechanical working [22]. However, currently there is lit-
tle understanding on boron’s effect on the oxidation behavior of
titanium, and must be investigated because boron may  provide
oxidation resistance to titanium alloys [23] and therefore increase
their maximum service temperature. The addition of B to Ti alloys
results in the formation TiB intermetallics particles, and the oxi-
dation of TiB produces TiO2 and B2O3. The production of B2O3
is problematic due to the fact that depending on temperature it
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Weight change of Ti-6Al-4V and Ti-6Al-4V + 1B sheet as a function of oxida-
tion  temperature for 25 and 50 h. The uncertainty associated with the weight changeD.A. Brice et al. / Corrosio
ill form in liquid form and solidify into an amorphous phase or
olatilize [24–27]. The evaporation of B2O3 has been linked to the
racking within the material, and has led some to believe that the
ormation of B2O3 does not account for the oxidation resistance
fforded by B in Ti alloys [25]. Thus, to understand the inﬂuence
hat B may  play on the oxidation behavior of Ti-6Al-4V, this paper
resents a direct comparison of the oxidation behavior of indus-
rially supplied Ti-6Al-4V and Ti-6Al–4 + 1B sheet for temperatures
anging from 650 ◦C–950 ◦C. The oxidation tests were carried out
or different holding times in an attempt to understand whether
he inclusion of boron in titanium alloys are beneﬁcial to oxidation
esistance.
. Experimental procedure
Industrially supplied sheet materials of Ti-6Al-4V and Ti-
Al-4V-1B, received from Boeing, were used in this study. The
omposition of Ti-6Al-4V and Ti-6Al-4V-1B are presented in
able 1. Compositions were determined by Luvak Laboratories, Inc.
Boylston, MA)  according to the following ASTM standards: ASTM
 1941-10 for carbon, ASTM E 1447-09 for hydrogen, ASTM E 1409-
3 for oxygen and nitrogen, and ASTM 2371-13 for all remaining
pecies.
Nine specimens with the dimension of 13 mm × 13 mm × 1 mm
ere cut from each sheet. Prior to heat-treatment, the specimens
ere prepared following conventional metallographic techniques
sing an auto polishing MultiPrepTM system (Allied High Tech,
A, USA) with SiC abrasive papers whose grit size ranged from
20 to 800. Following grinding, the specimens were cleaned ultra-
onically, successively moving from acetone to distilled water to
thanol and ﬁnally, to methanol. The specimens were ultrason-
cated for 5 min  at each step. After cleaning, 8 of the specimens
ere placed in a vacuum furnace (at 50 ◦C) to dry for 20 min, and
eighed using an OHAUS Discovery microbalance, with a precision
f ±0.03 mg,  while the 9th was retained in the as-received condi-
ion. The specimens were placed in alumina crucibles, and oxidized
t 4 different temperatures (650 ◦C, 750 ◦C, 820 ◦C, and 950 ◦C) for
 different times for each temperature (25 and 50 h). These tem-
eratures represent temperature targets set by industry (i.e., 650 ◦C
nd 820 ◦C) as well as additional temperatures to better understand
he oxidation behavior (750 ◦C and 950 ◦C). Following the oxidation
xposures, all the specimens were air-cooled to room temperature.
fter air-cooling, the specimens were reweighed.
Following oxidation and reweighing, the oxidized specimens
ere cut in half to reveal the cross-section of the oxidized surface,
nd mounted in conductive C-based Phenol using a TechPress2TM
Allied High tech, USA). After mounting, the cross-sections of the
pecimens were ground using SiC abrasive papers whose grit size
anged from 600 to 800. The specimens were ﬁne-polished with
.04 m colloidal silica suspension.
Scanning electron microscopy (SEM) studies were carried out
sing an FEI Nova 230 NanoSEM ﬁeld emission gun scanning elec-
ron microscope equipped with an electron backscattered detector.
pecimens for TEM were prepared using an FEI Nova Nanolab 200
ualBeamTM focused ion beam (FIB)/SEM. These site-speciﬁc TEM
pecimens were subsequently analyzed in an FEI Tecnai G2 F20
TEM ﬁeld emission gun scanning transmission electron micro-
cope operating at 200 keV. The TEM was equipped with an HAADF
TEM (high angle annular dark ﬁeld)detector and an energy disper-
ive x-ray spectrometer.. Results and discussion
The results from the weight change measurements, presented in
ig. 1, show a weight increase for all specimens. This weight gain isis±0.003 g.
attributed to both oxygen incorporated into the surface oxide and
dissolved oxygen in the Ti-6Al-4V and Ti-6Al-4V-1B sheet. From
these weight measurements it is clear that: (1) the addition of boron
into Ti-6Al-4V retards weight gain, consistent with observations
reported by Luan et al. [23], (2) the difference in weight gain at a
given temperature for the two exposure times is more pronounced
in the Ti-6Al-4V specimens than those in which boron has been
added, and (3) at an undetermined temperature at or above 820 ◦C,
there is a marked increase in the weight gain rate for all specimens.
As a reference, an SEM backscattered electron micrographs
of the as-received microstructures of the Ti-6Al-4V and Ti-6Al-
4V-1B are shown in Fig. 2(a,b) respectively. Oxidation-induced
microstructural changes were assessed by collecting backscattered
electron SEM micrographs for both alloys at temperatures rang-
ing from 750 ◦C to 950 ◦C, and are presented in Figs. 3 (a–f) and 4
(a–f) for the two holding times, 25 and 50 h, respectively. Micro-
graphs from specimens oxidized at 650 ◦C are not reported due
to the fact that no clear microstructural change can be seen near
the surface. For specimens oxidized at 750 ◦C and 820 ◦C, there is
a clear decrease in the -phase volume fraction below the oxide
metal interface. This is indicative of the formation of the -case
due to oxygen ingress. The phase fractions from the Ti-6Al-4V and
Ti-6Al-4V + 1B specimens have been analyzed using standard stere-
ographic procedures developed and subsequently captured using
MIPAR [28–30] and are presented in Fig. 5. It is clear from Fig. 5
that the formation of the oxygen-stabilized -case consequently
decreases the local -phase fraction in areas adjacent to the oxi-
dized surface.
Looking at the oxide scale adherent to the material one can see a
pronounced difference in oxidation resistance between Ti-6Al-4V
and Ti-6Al-4V-1B. From Fig. 6(a) one can see the oxide scale has
separated from the Ti-6Al-4V substrate (see Fig. 6(a)), in contrast
the Ti-6Al-4V-1B (see Fig. 6(b)) has a well adhered oxide scale and
the metallic substrate has not been depleted to the extent that Ti-
6Al-4V has been. When considering these results along with the
weight measurements (see Fig. 1) it is clear that the addition of B to
Ti-6Al-4V alloy has improved the oxidation resistance of the alloy.
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Fig. 2. SEM backscattered images of the as received sheet material (a) Ti-6Al-4V and (b) Ti-6Al-4V + 1B.
Fig. 3. SEM backscattered electron micrographs showing the microstructural change caused by oxygen ingress into the specimens of Ti64 (a) 750 ◦C (c) 820 ◦C (e) 950 ◦C for
25  h and Ti64 + 1B(b) 750 ◦C (d) 820 ◦C (f) 950 ◦C for 25 h.
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Table  1
Measured composition of industrially supplied sheet of Ti-6Al-4V and Ti-6Al-4V + 1B. All concentrations in mass percent.
Al ± 0.12% V ± 0.08 Fe ± 0.005 C ± 0.005 H ± 0.0005 N ± 0.002 O ± 0.005 B ± 0.05 Ti
Ti-6Al-4V 6.17 4.08 0.16 0.025 0.0052 0.016 0.188 0 balance
Ti-6Al-4V + 1B 6.61 4.1 0.06 0.43 – 0.17 0.13 0.97 balance
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oig. 4. SEM backscattered electron micrographs showing the microstructural chang
0  and Ti64 + 1B(b) 750 ◦C (d) 820 ◦C (f) 950 ◦C for 50 h.
In addition, the specimens exposed to 950 ◦C indicate that a
ew microstructural feature has formed just below the metal/oxide
nterface (see Figs. 3 (e,f) and 4 (e,f)). This feature, which is pre-
ented more clearly at higher magniﬁcation images shown in
ig. 7(a,b), is characterized by a prototypical length scale and aspect
atio (often oriented away from the surface) yet does not exhibit
ny other regular geometric order that would be associated with
rystallographically distinct precipitates such as faceted (i.e., coher-
nt) interfaces. This seemingly co-continuous feature is indicative
f a decomposition-like structure, likely caused by the chemicalsed by oxygen ingress into the specimens of Ti64 (a) 750 ◦C (c) 820 ◦C (e) 950 ◦C for
change arising from the ingress of oxygen. The depth to which
this decomposition structure extend into the material from the
oxide metal interface is greater for Ti-6Al-4V compositions than
those with boron additions. The formation and development of
this microstructure just below the surface indicates that it is a
direct consequence of oxygen ingress into the base metal during
oxidation.
Because the decomposition structure is characterized by spa-
tial variations in brightness in the backscattered SEM images (see
Fig. 7(a,b)), which is likely associated with differences in the aver-
342 D.A. Brice et al. / Corrosion Scie
Fig. 5. Variation of -phase fraction as a function of temperature for Ti-6Al-4V
a
i
a
S
m
FndTi-6Al-4V + B oxidized at 25 and 50 h of regions adjacent to the metal oxide
nterface and penetrating 20 m into the material.ge atomic mass, energy dispersive spectroscopy (EDS) was  used in
EM to collect composition maps (see Fig. 8(b–f)) in order to deter-
ine the relative partitioning behavior of the constituent elements.
rom such composition maps, it is clear that the Al and V are seg-
Fig. 6. Oxide scale formed after 950 ◦C 50hr 
Fig. 7. High magniﬁcation SEM backscatter images from the decomposed structure nce 112 (2016) 338–346
regating into the dark features, and the bright features which are
most likely the parent matrix is composed of primarily Ti and O.
It should be noted that the solubility of B in both hcp  and bcc 
titanium is very small and below the detection limit of EDS. Thus,
no measurable amount of B is detected in either the bright or dark
features of the decomposition structure, but rather seems to reside
exclusively within the TiB particles.
These results have been considered and are presented in con-
text with the expected changes in elemental partitioning due to
oxygen, which have been calculated using PANDATTM [31] (see
Fig. 9). From Fig. 9, it is seen that the addition of oxygen into a
binary titanium mixture results in the expulsion of the various
common alloying element species (including Al and V) out of the -
phase. This oxygen-induced rejection of elements has been linked
to other unusual phase transformations [10]. Thus, these observa-
tions indicate that the change in the Al and V solubility of -phase in
Ti-6Al-4V triggers the formation of this decomposition microstruc-
ture.
In order to analyze the structure and composition of the newly
formed decomposition microstructure in the subsurface region of
the specimens oxidized at 950 ◦C for 25 h, a TEM foil was prepared
and analyzed. The STEM image (Fig. 10(a)) and the correspond-
ing STEM-EDS maps of the alloying elements conﬁrms that the
decomposition microstructure is composed of two chemically dis-
tinct phases. It is evident that phase with darker contrast in the
STEM image has a larger concentration of Al and V compared with
the bright phase (the matrix), which is enriched in Ti and O. This
further supports the hypothesis that the decomposition structure
has formed due to oxygen ingress into the material, and shows that
oxygen expels other species (here, both a beta stabilizer (V) and
an alpha stabilizer (Al)) from the oxygen-stabilized (and parent) -
on (a) Ti-6Al-4V and (b) Ti-6Al-4V-1B.
adjacent to the metal oxide interface from (a) Ti-6Al-4V and (b) Ti-6Al-4V-1B.
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fFig. 8. Elemental maps of B, V, Ti, Al and O
hase. The result of compositional assessment is in accordance with
ADANTTM calculations shown in Fig. 9. Interestingly, the quantiﬁ-
ation of the STEM-EDS results indicate that the composition of the
arker phase is ∼22 at.% Al, ∼3 at.% V which is consistent with the
omposition of Ti3Al as reported in the literature [32–34]. In order
o conﬁrm the darker phase in the decomposition structure (see
ig. 5(a)) corresponds to Ti3Al, a selected area diffraction pattern
as obtained from this phase, shown as an inset in Fig. 10(a) which
an be consistently indexed as
[
011¯1
]
zone axis of Ti3Al intermetal-
ic compound with the hcp structure of DO19 type. The PANDATTM
alculations presented in Fig. 11 show that the addition of O into
n alloy composition similar to those presented in this study can
ause the formation of Ti3Al. Given that literature has reported that
i3Al is a highly non-stoichiometric intermetallic phase which has a
arge solubility for V, it is not unreasonable to expect the formation
f Ti3Al rich in V as consequence of oxidation as presented pre-
iously above. The mechanism for the microstructural evolution is
ot clear, but the features are consistent with discontinuous precip-
tation [35–37], which has been reported previously for oxidation
f Ti-Mo alloys [10]. In discontinuous precipitation, it is possible
or the parent phase to give rise to a new compositionally different,-6Al-4V-1B heat-treated at 950 ◦C for 25 h.
crystallographically identical child phase, as well as precipitate a
new phase. It is suggested here that one possible mechanism for the
evolution of this microstructure is the discontinuous precipitation
sequence, given below:
˛O−lean + Odissolved → ˛O−rich + ˛Al,V−rich2 (1)
Thus far, it has been shown that a new microstructure with dis-
tinct morphology has formed as a consequence of oxygen ingress
and the resulting phases are oxygen enriched -Ti and Ti3Al. In
addition, it has been shown that B does play a role on the rate
of oxygen ingress and the concurrent depth to which this new
microstructural feature is formed. Unfortunately, the role of B in
the oxidation process is still not understood, nor have the results
here shed any mechanistic insights. It is known that boron has a
low solubility in both -Ti and -Ti and has been measured to be
a fast diffuser in -Ti [38]. These two features would suggest that
B should not be a rate limiting factor to oxidation; however, the
notable inﬂuence on lowering weight gain, the reduction in scale
growth and microstructural changes indicate that B plays a dom-
inant role. There are two  possibilities that are presented here as
hypotheses. Firstly, the fact that B changes the nature of the oxide
344 D.A. Brice et al. / Corrosion Science 112 (2016) 338–346
Fig. 9. Calculated concentrations of various species in -Ti in relation to oxygen content using PANDATTM.
Fig. 10. Analysis of the decomposition structure below the metal/oxide interface on the Ti-6Al-4V-1B specimen heat-treated to 950 ◦C for 50 h. (a) STEM image of the area
surveyed, the area within the square represents the area analyzed with STEM-EDS. (b) Selected area diffraction of the dark features within the decomposition structure.
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[ig. 11. PANDAT calculated volume fraction of Ti3Al in relation to oxygen increasing
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cale (thinner, more adherent, fewer cracks) may  ‘turn off’ oxygen
ources (i.e., the oxide cracks), reducing the oxygen ingress and sub-
equent decomposition. Secondly, B may  behave in a manner that
nﬂuences the vacancy concentration, thus restricting O transport
n either the oxide layer or in the base material.
. Conclusions
A comparison between of the oxidation behavior of Ti-6Al-4V
ith and without addition of B was conducted at different tem-
eratures. It is shown that the addition of 1 wt% B into Ti-6Al-4V
auses a marked increase in oxidation resistance of the material
ccording to weight gain measurements of the specimens and evo-
ution of the microstructural in the subsurface region. The ingress
f oxygen causes the decomposition of the -phase into an oxy-
en enriched -Ti and 2-Ti3Al at the oxidation temperature of
50 ◦C. It is concluded from compositional measurement and ther-
odynamic calculations that the phase decomposition is caused by
olubility decrease of alloying species in -Ti as a consequence of
xygen ingress. The role of B in improving of the oxidation resis-
ance is still not well understood.
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